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The experimentallwork on this program may-be grouped under five
phases as follows: -

I. [ Development of Extreme Vacuum Technology Utilizing the Vapor-Jet Mechanism
and a Helium Permeation Guard Technique é

A. ranew-helium guard technique for glass was developed which lovwers
the permeation of helium by three orders of magnitude. The technique whieh con-

systems.

- After the cesiation treatment,the pressure in a special glass system
using five stages of mercury vapor pumping, fell below the detectable level of a
commercial Redhead magnetron gauge (10'13 Torr or below).

B. fX special vapor-jet test system was designed and operated to ana-
lyze experimental jet desiggg;J Results indicate thet both the pump speed and
the pressure differential across a jet vary directly with boiler pressure; how-
ever, pump speed reaches a peak and falls off long before the maximum pressure
differential is reached. Thus, a two boiler or combination jet arrangement is
indicated.

/II. Determination of the Quantities and Species of Gas Above Getter-ion Pumps
and Chemically-Trapped 0il Diffusion Pumps }

P

The spectrum of gases above a getter-ion pump was recorded. The re-
sults indicate that this type pump has a limited ability to remove helium, i.e.,
pump surfaces eventually become saturated. However, it was also shown that
these surfaces can be reactivated by a 455°C bake in vacuum.

The gases above a chemically-trapped oil (DC-705) diffusion pump have
been studied by means of a sensitive partial pressure analyzer. It has been
shown that no oil components can be detected in the system if the chemical trap
is at liquid nitrogen temperature; however, trace amounts are detectable if the
trap is at room temperature. A discussion of the other gases present is given.

-1 -
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A Physical Adsorption Isotherm for Inert Gases 1

5111.

) The performance of a cryogenic vacuum system depends on the amount of
gas a cryopanel can adsorb, i.e., on the adsorption isotherm. A new physical
adsorption isotherm based on a triangular site model has been derived. This
isotherm is linear for very low coverages, reduces to the Langmiur adsorption
isotherm when there is only first layer coverage, yields a superposition of two
Langmiur adsorption isotherms when there are only two layers present, exhibits
distinctive steps as each additional layer is condensed, and predicts finite
film thicknesses for saturation pressures. The complex equations, which must
(for three layers or more) be solved iteratively, have been programmed and
executed on an IBM 1620 Data Processing System. Results have been obtained for
helium, hydrogen, and neon gases being adsorbed on porous glass at 4.28° and
8.00°K. These results vividly demonstrate how the theory can be used to eco-
nomically design future cryopanels for specific jobs.

g’IV. Development of a Total-Pressure Gauge for Readings Below 10-12 Torr

Development work with total-pressure gauges was carried out with com-
mercial Redhead magnetron gauges (NRC type 552). The ion current-to-gas pres-
sure response for helium was found to break sharply from linearity at 7 x 10-10
Torr (or 4 x 10-9 Torr when corrected for the low ionization sensitivity of
helium). A plot of the response for pressures below the break assumed a slope
of 1.43 so that an indicated reading of 1 x 10-13 Torr for helium should be
corrected to 1.3 x 10-12 Torr due to the nonlinear response and to 8.4 x 10~
Torr due to the low ionization sensitivity of helium.

12

Following a cesiation treatment of the gauge elements, the sensitivity
increased by a factor of two and the break point moved down by a factor of two.
Another beneficial result of the cesium treatment technique was the instantane-
ous striking ability afforded even at the lowest pressures. The extreme high
vacuum system used for this gauge development program took the ion current re-
sponse to a value below the detectable limit with the present equipment. Fur-
ther development of the magnetron gauge is now indicated.

i V. Investigation of the Adhesion of Metals Exposed to Vacuum and Thermal Out-
gassiﬁff) f>Q/

The adhesion or cold welding tendency of structural metals as a re-
sult of vacuum and thermal outgassing was investigated. Stainless steel, alumi-
num, and titanium alloys were exposed to a UHV of 3 x 10-10 Torr for 1,000 hr.
and to a 350°C thermal degassing treatment in a 10-8 Torr vacuum for 100 hr.




Samples were tested with both the original surface texture and with polished
surfaces. The sample faces were exposed for vacuum degassing, then brought in-
to contact by rotating the vacuum system. The maximum angle of repose between
the samples under the influence of gravity gave a measure of adhesion. The
angle of>repose was less for polished samples, but no change occurred due to
either vacuum exposure or combined thermal and vacuum outgassing.

The surface energy criterion for cold welding predicts a welding
between two surfaces when the formation of a common interface results in a
lowering of the net free surface energy of the two materials. Therefore, metal
surfaces with stable oxide layers would not be expected to cold weld according
to this criterion as the experimental results have verified.



T. DEVELOPMENT OF EXTREME VACUUM TECHNOLOGY UTILIZING THE VAPOR-JET
MECHANISM AND A HELIUM PERMEATION GUARD TECHNIQUE

The ultimate vacuum in a room temperature glass chamber is limited by
helium permeationi from the atmosphere through the glass walls. A simple tech-
nique has been developed which lowers the room temperature permeation rate by
three orders of magnitude (see Section A below). :

The ultimate vacuum in a mercury diffusion pumped system may also be
limited by the back diffusion of gases through the vapor jets.}_ A special
vapor-jet test system was used to predict an improved design arrangement for
reducing back diffusion, without the attendant loss of pumping speed (see
Section B).

A. A Technique for Reducing Helium Permeation Through Glass

A simple method for treating glass vacuum chambers to significantly
reduce the helium permeation rate has been discovered. The treatment may be
applied to existing vacuum systems by merely introducing a few granules of
cesium nitrate into the system then baking to about 425°C. The cesium nitrate
compound decomposes above 414°C and free cesium metal is evolved. Cesium is a
proper replacement for silicon in the silicon dioxide tetrahedra of glass.
Cesium is very active chemically and the possible combinations with a clean
glass surface are many. Several forms of cesium oxide with temperature stabil-
ity to 400°C are known. Such a cesium treatment was applied to two large glass
vacuum systems and was found to lower the ultimate pressure limit and the par-
tial pressure content of helium. The partial pressure analyzer system (see
Section II) was used to determine the effect of cesium treatment upon a large
pyrex glass re-entrant tube (Fig. 1). Introduction of a full atmosphere of
helium (760 Torr) failed to raise the helium level in the analyzer. The same
experiment applied to the same glass tube before cesium treatment increased the
helium partial pressure by a factor of three.

Two additional experiments were performed with vycor glass helium
diffusers. One was attached to the partial pressure analyzer and treated with
cesium. The other vycor diffuser was attached to the extreme high vacuum sys-
tem and treated with cesium. In both systems the normal operation of the dif-
fuser was found to be reduced by three orders of magnitude at moderate tempera-
tures. By raising the vycor diffuser to approximately 325°C the cesium treat-
ment can be removed and subsequent operation is again normal.

The ease with which this simple treatment may be added or removed and
the significant reduction afforded give promise of wide application to glass
vacuum systems.

-4 -
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" B. Analysis and Development of the Vapor-Jet Pumping Mechanism

The vapor-jet pumping mechanism is a useful tool for obtaining an
ultra-high vacuumniig Hovever, there are serious limitations which become
prominent in the UHV range, namely: Dback diffusion, back spraying, and the pro-
duction of gases from pump components (including pumping fluid). The purpose of
this phase of the program is to study these effects and to suggest improved dif-
fusion pump designs.

A vapor-jet test system (see Fig. 2) has been designed, constructed,
and tested in which the effects of vapor pumping and back diffusion can be
studied as functions of the operating parameters, i.e., boiler pressure,é;é/
wall temperature,3'5 nozzle geometry,s"6 and stack geometries. The results
of these variations can then be evaluated in terms of (1) pump speed,é/ (2)
pressure differences which can be maintained across a pumping stage (pressure
differentials),l/ and (3) vapor-jet configurations.é;§/ This chamber has been
designed to permit not only dynamical pump speed and pressure differential meas-

urements, but also photographic studies by use of a glow discharge techniquehg/

1. Design of vapor-jet test system: The pump speed measuring sub-
system is shown schematically in Fig. 3. Helium or Hp can be diffused into the
vapor=-jet test chamber through a calibrated conductance, C. The pressures on
each side of this calibrated orifice are measured by Bayard Alpert gauges (B.A.G.
1 and B.A.G. 2). The throughput of gas is therefore given by the equation:

Q= C(PQ"P].) )

where Q = quantity of gas (Torr liters sec.=t) ,
¢ = conductance- (liters sec."1l) ,
P = pressure (Torr) .

- 6 -
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B.AG. 2
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E B \ % ORIFICE
N[ h
C =] TO Ho DIFFUSER
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TYPE_A STACK
W
| |<———WATER JACKET
%
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Hg DIFFUSION
PUMP f T TT—Hg BOILER
B THERMOMETER WELL
Hg BOILER

Fig. 2 - Schematic of Main Glass Apparatus of the Vapor-Jet Test System
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BA.G. BA.G.
| 2
TRAP TRAP
VAPOR JET
TEST c He DIFFUSER #1
CHAMBER
FORE Ho DIFFUSER #2
LINE

Fig. 3 - Schematic of the Pump Speed Measuring System. He or Hp May be Leaked
Into the Test Chamber Through the Diffuser No. 1 and No. 2 and the
Calibrated Conductance, C . Pressure Indication of B.A.G. 1
and B.A.G. 2 Permits Celculation of the Throughput.

B.A.G. B.A.G
3 {
LN2 LN2
TRAP TRAP
FORE LINE VAPOR JET
TEST
CHAMBER

He DIFFUSER# 3

H, DIFFUSER# 4

Fig. 4 - Schematic of the Pressure Differential Measuring Subsystem. He or Ho
May be Introduced Into the Foreline by Diffuser No. 3 or No. 4.
Pressure Indications of B.A.G. 3 and B.A.G. 1 Then Give
The Pressure Difference Across the Test Chamber.
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When B.A.G. 1 and B.A.G. 2 indicate that an equilibrium pressure ratio has been
established, the pumping speed is given by:

Q
S, =
1Y Pl
where Sp = pump speed (liters sec.™1) ,
Q = throughput (Torr liters sec."l) ,
Py = pressure indicated by B.A.G. 1.

Note that by the use of a LNo trap the system measures essentially the pumping
characteristics for the two noncondensible gases (He, Hg) vhich are being added
to the system by means of the diffusers No. 1 and No. 2.

Pressure differential measurements can be made by using the sub-
system as shown schematically in Fig. 4. Helium and Hpo may be introduced into
the foreline by means of diffusers No. 3 and No. 4. Therefore the concentration
of He and Hp can be raised in the forepressure line and can be monitored by
B.A.G. 3 . Pressure changes indicated by B.A.G. 1 will give a qualitative in-
dication of back diffusion from the foreline.

A "glow discharge" technique was developed to render the pumping
fluid (mercury) visible and to thus study vapor stream characteristics. The
glow discharge in the mercury gas is achieved by using a high frequency genera-
tor (tesla coil) connected to a circular electrode (5 in. 0.D. x 1 in. wide) en-
compassing the water jacket of the test region. This technique is useful for
determining the envelope geometry and expansion ratios of various vapor Jjet de-
signs.

2. Construction of vapor-jet test system: The main glass system
(Fig. 2) consists of an experimental diffusion pump which operates in the UHV
range by virtue of a standard three-stage pump used as a backing pump. Various
jet designs may be inserted in the experimental chamber by means of a removable
boiler. The system components are briefly described below.

The 75 liter/sec three-stage glass mercury diffusion pump, which is
used as a backing pump, has & 75 'mm. I.D. inlet. It is connected to the test
chamber via a 60 mm. I.D. glass tube. The test chamber is actually an experi-
mental diffusion pump consisting of a 60 mm. I.D. test chamber equipped with a
cooling jacket and a demountable boiler-jet assembly. The high vacuum end of



the test chamber is connected by means of a 35 mm. I.D. glass tube to a trap-
gauge assembly'and by means of a 60 mm. I.D. tube to a known conductance

orifice.

The calibrated orifice was made by accurately boring a small hole,
with an ultrasonic drill, through a glass plate of known thickness. To bore
the orifice, a 1/8 in. diameter brass tip was mounted on an ultrasonic drilling
cone. An optical grit (120) was used as the abrasive in a water suspension.
Chipping around the edge of the orifice was minimized by drilling from each
surface to the center of the plate. The walls of the orifice were then pol-
ished with a 400 grit paste on a ceramic rod at rotational speeds varying from
1,000 - 16,000 rpm. The thickness and diameter of the orifice were then meas-
ured accurately. The dimensions of the orifice are 0.433 ¥ 0.012 cm. diameter

by 0.323 ¥ 0,012 cm. length.

The conductance (F) of the orifice was calculated by a standard equa-
tiong/ for the free molecule flow pressure range

1/2
F = 3.638 KA(% ) (liters/sec) ,

where K = Clausing or variational factor ,
A = Cross-sectional area of the orifice (cm.e) 3
T = Temperature (°K) , and
M = Gram molecular weight of gas species .

- The constant 3.638 carries the dimensions necessary to give [F] in liters per
second. Conductance values for various gases were computed using the Clausing
factors, as given by Dushmanﬁg/ The results for He, Oo, and Hg are shown in
Table I for temperatures covering the operational range from below room up to

bake-OU.t .

- 10 -




TABLE I

CALCULATION OF ORIFICE CONDUCTANCE

K = 0.5814 A = 0.1480

He 02 Hg
M = 4.0026 M= 31.9988 M = 200.5900
Temp. (°K) F (liters/sec) Temp. (°K) F (1iters/sec) Temp. (°K) F (liters/sec)
250.00 2.47 250.00 0.87 250.00 0.34
275.00 2.59 275.00 0.91 275.00 0.36
300.00 2.71 300.00 0.95 300.00 0.38
325.00 2.82 325.00 0.99 325.00 0.39
350.00 2.92 350.00 1.03 350.00 0.41
375.00 3.03 375.00 1.07 375.00 0.42
400.00 3.12 400.00 1.10 400.00 0.44
425.00 3.22 425.00 1.14 425.00 0.45
450.00 3.31 450.00 1.17 450.00 0.46
475.00 3.41 475.00 1.20 475.00 0.48
500.00 3.49 500.00 1.23 500.00 0.49
525.00 3.58 525.00 1.26 525.00 0.50
550.00 3.87 550.00 1.29 550.00 0.51
575.00 3.75 575 .00 1.32 575.00 0.53
600.00 3.83 600.00 1.35 600.00 0.54
625 .00 3.91 625 .00 1.38 625.00 0.55
650.00 3.98 650.00 1.41 650.00 0.56
675.00 4.06 675.00 1.43 675.00 0.57
700.00 4.14 700.00 1.46 7C0.00 0.58

The boiler unit for the experimental diffusion pump is mounted on a
60 mm. I.D. glass-to-Kovar seal, with a stainless steel flange (Varian 4-1/2 in.
X 2-1/2 in. Conflat flange). A similar flange has also been attached to the
bottom end of the test chamber. An ultra-high vacuum seal can be maintained
for at least two months with a standard disposable copper gasket between the
flange faces. Experience has shown that mercury amalgamation is limlted to the
inner edge of the disposable gasket. The removable jet stack is a 12.5 mm. I.D.
glass tube mounted on a ground glass joint. At the other end of the stack the
experimental nozzle assemblies can be mounted. Figure 5 shows the boiler assem-
bly jet stack, and an experimental nozzle assembly. Note that the experimental
diffusion pump boiler is fitted with a re-entrant tube for the insertion of
temperature sensors.
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Liquid nitrogen traps used on the system are of two varieties (see
Figs. 2 and 6). Type A traps are of standard spherical design with provision
for cryogenic liquid in the inner sphere only. Liquid nitrogen is used follow-
ing bake-out but only cold water is required during long runs. This procedure
reduces the amount of mercury vapor that reaches the upper type B traps. Type
B traps are of special construction with a double-wall outer dewar to provide
cooling of both inner and outer spheres. Note that only one trap is used be-
tween the test chamber and B.A.G. 2 since large quantities of mercury are not
transmitted to this trap due to the restricted conductance of the orifice (see
Fig. 2). This latter trap is always activated with LN>. The gauges are Varian-
type UHV 12 Ionization gauges. Helium diffusers employed with the system are
of two types. The pump speed measuring subsystem (see Fig. 3) uses a standard
vycor tube with a throughput capacity of 0.l micron liter/sec. The diffuser in
the pressure differential measuring subsystem (see Fig. 4) employs a specially-
constructed large-size quartz tube with an estimated throughput capacity of
1 micron liter/sec. This experimental diffuser will supply relatively large
quantities of helium while maintaining impurity levels in the parts per million
range.

An auxiliary pumping system which consists of a ) liter/sec single
stage mercury diffusion pump is used to provide a low forepressure for the main
diffusion pump. It is also used to maintain a nonoxidizing vacuum (below 10-4
Torr) in the entire system when both the three-stage and experimental diffusion
pumps are deactivated for bake-out. A Biondi-type chemical trap is inserted in
the foreline. Activated alumina is used to reduce oil backstreaming from the
mechanical pump. A mercury McLeod gauge is connected to the high vacuum side
of the single stage pump to monitor operating forepressures of the main dif-
fusion pump (while extracting the mercury partial pressure) and pressures dur-
ing bake-out cycles. (The ionization gauges cannot be used during bake-out due
to the high vapor pressure of mercury.)

Special furnaces, both fixed and movable, have been constructed to
fulfill the bake-out requirements (200° to 350°C). The fixed type furnace uses
the glass structure as a frame onto which the heater elements are mounted. The
materials used for construction of the furnaces are: aluminum foil, asbestos,
and fiberglass insulated heating tape. They are used in the following manner:
A layer of foil is wrapped onto the glass to insure even heat distribution. The
heater tape is then mounted preceded by a thin layer of asbestos to reduce the
possibility of a short circuit through the aluminum foil. A thick layer of.
asbestos is then applied to provide thermal insulation. Since the asbestos is
applied when wet, it conforms easily to the contour of the apparatus to provide
a compact and convenient bake-out arrangement.

- 13 -
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The movable furnaces, used for baking the gauges, are cylindrically
shaped devices capped at one end and constructed similar to the fixed furnaces.
These units are formed on molds which provide the proper dimensions to enclose
the ion gauges. When the asbestos dries it becomes sufficiently rigid so that
the heating elements require no additional support.

Because of the extended nature of the glass apparatus, the fixed furn-
ace has been divided into six control zones. Each zone consists of heater tapes
2 ft. in length, wired in parallel, and controlled by a Variac. At least one
iron-constantan thermocouple monitors the temperature of each zone. In addi-
tion, the movable furnaces have been divided into four control zones: (1)
B.A.G. 1 and B.A.G. 3, (2) B.A.G. 2, (3) test chamber, and (4) the demountable
boiler assembly. Each of these zones 1s also monitored by at least one iron-
constantan thermocouple.

A three-point suspension system was constructed to hold the major
glass apparatus (see Fig. 7). Two pivot bushings are mounted on a steel frame
bench. The stainless steel flange at the lower end of the test chamber is
attached to these pivot points. The base of the three-stage pump forms the
third suspension point. The flanges can be bolted together without straining
the glassware since the pivot assembly restricts two degrees of freedom.

Thermal expansion of the metal support arms, shown in Fig. 7, may
cause a strain in the glassware during bake-out. Therefore coils of l/8 in.
copper tubing (not shown in Fig. 7) have been wound onto these arms adjacent
to the stainless steel flange. A regulated flow of water through these coils
maintains the temperature of the support arms at a safe level throughout the
degassing cycle.

3. Performance tests with the experimental diffusion pump: Per-
formance of the vapor-jet test system has been evaluated and found to be satis-
factory. Photographs of the experimental vapor-jet at various boiler pressures
have been taken. Pumping speed and pressure differential data have been col-
lected and tabulated for various boiler pressures. Results indicate that high
vacuum pump stages should be operated at low boiler pressures for greatest pump
speed while backingstages should operate with high boiler temperatures to main-
tain large pressure differentials.

The design for the experimental nozzle used in the evaluation of this
system is shown in Fig. 8. The gap dimension for these tests was set at 1.24
mn. (0.049 in.). The system was baked for 4 hr. at 200°C before activating the
test nozzle. The boiler pressure was raised in stages and photographic studies
(as described above) were conducted at various times. Figure 9 shows some typ-
ical photographs of the jet stream action at various boiler pressures.
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Pump speed and pressure differential measurements (as described on
pages 6-9) were made and these results are shown in Fig. 10. The total pres-
sure above the test chamber during these measurements was ~10~7 Torr. The pump
speed measurements show a peak operation for a boiler pressure which is lower
than that required to maintain a large pressure differential. The pressure dif-
ferential curve was not extended to maximum because the nozzle assembly was
raised off the jet stack by the boiler pressure (250 Torr) at this point.

The above result suggests that it may be well to consider the use of
two diffusion pumps or one pump equipped with two boilers so that the backing
stages can be operated at a higher boiler pressure than the high vacuum pumping

stage.
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II. DETERMINATION OF THE QUANTITIES AND SPECIES OF GAS ABOVE
GETTER-ION PUMPS AND CHEMICALLY TRAPPED
OIL DIFFUSION PUMPS

An extremely sensitive gas analyzer has been used to study the opera-
tion of getter-ion pumps, diffusion pumps, and a specilal cryo-adsorbent trap.

A. Equipment and Techniques

A General Electric partisl pressure analyzer, Model 514, tube type
ZS 8008, has been obtained with several modifications. This instrument was
originally described by Davis and Vanderslice.lg/ The modifications have been
described by Davis.ll/ The analyzer tube uses a Nier-type, electron-bombardment
ion source, a 90° sector magnetic analyzer with a 5 cm. radius of curvature, a
2.85 kilogauss permanent magnet, and a 10-stage electron-multiplier ion detec-
tor. The tube and magnet are bakeable to 425°C. The ion source contains a
thoria~coated iridium filsment which has a low work function and thus operates
at a lower temperature than a tungsten filament. Both the disassociation of
gases and the radiation heating of neighboring components in the ion source are
greatly reduced. In addition, the source contains a second ionizing current
filament of spiral tungsten design. Another special filament of spiral tungsten
design has been placed in close proximity to the ion cage for degassing metal
parts by electron bombardment. It is mounted laterally in the tube to prevent
electron bombardment of the glass envelope (thus avoiding the erroneous produc-

tion of gases by decomposition of glass).

Since it is desirable to mount the analyzer tube rigidly (for accurate
alignment in the magnetic field), a bellows assenmbly was used to mechanically
isolate the glass envelope from the vacuum plumbing. A special universal joint
was bullt to withstand the 25 lb. of atmospheric compressive loading on the
bellows when it is evacuated.

The getter-ion pumped vacuum system (Figs. 11, 12(a) and 12(b)) was
equipped with several experimental parts. A Varian ionization gauge monitors
total pressures in the system down to the 10-1l Torr range. An auxiliary vacuum
system using diffusion pumps was also necessary because of the unsatisfactory
operation of the getter-ion (8 liters/sec) pump when pumping relatively large
amounts of helium. The auxillary system has: a special cryo-adsorbent trap
(Fig. 13), a UHV 2-in. diffusion pump with a water cooled chevron trap, a l-in.
booster diffusion pump, a valve, a bakeable foreline chemical trap, and a
mechanical pump. All joints beyond the foreline of the booster pump are welded
or sealed by metal gaskets (gold above 2-in. pump and above chevron trap, alumi-
num sbove booster pump, and copper elsewhere). The diffusion pumps were filled
with DC-705 fluid.
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Fig. 12(a) - Partial Pressure Analyzation System
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The specially designed cryogenic and chemical adsorption trap shown
in Fig. 13 is constructed of 304 stainless steel and is similar in design to
the chemical trap proposed by Biondi.l2/ Zeolite, activated alumina, or some
other active adsorbent may be placed in the annular tray, at the bottom of the
vertical tube, and in the bottom of the 4-1/2 in. 0.D. chamber. (Zeolite was
used for the present tests.) The trap is all heli-arc welded, and thus fully
bakeable. In operation, a dewar filled with liquid nitrogen is raised around

the entire trap.

The bake-out zone (including the auxiliary vacuum system) has been
selected to enclose all degassing surfaces which are in proximity to the UHV
region. The first diffusion pump jet can also be thoroughly outgassed (Fig.
11). All of the stainless steel tubing used above the bakeable valve (includ-
ing the valve itself) has been electropolished. Also, prior to assembly, this
equipment was chemically cleaned in an ultrasonic bath. These procedures have
been employed to speed degassing and assure the lowest value of desorption.
The auxiliary vacuum pumps permit: (1) thorough baking (including the getter-
ion pump); (2) high pumping rates for inert gases; and thus (3) lower ultimate
pressures during the course of special experiments.

B. Results

Figures 14 and 15 show the cracking patterns for the residual gases
above a getter-ion pump and a chemically-trapped oil diffusion pump, respec-
tively. The nonintegral peaks at m/e = 16.2, 17.2, 19.2, 35.6, and 37.6 are
quite unexpected. These positions appear in both Figs. 14 and 15. The origin
of the ions corresponding to these peaks is believed to be attributable to
surface ionization stimulated by electron bombardment of metal cage parts.lé/
The ions are then accelerated into the slit system at a preferred angle. This
angle is such that the ions following this trajectory produce nonintegral peaks.
Such peaks would only be detectable if a relatively large number of surface
ions were produced at a localized region of the ion cage. If surface ions were
produced in large numbers at all points of the cage, integral peaks would be
randomly broadened so as to obscure the nonintegral ones.
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Lichtman}é/ has reported that nonintegral peaks are due to the fol-
lowing ions:

16.2% 16+ = Ot€&— adsorbed CO + electron bombardment.
17.2 17+ = OH' «— adsorbed HpO + electron bombardment.
19.2 19+ = F' (surface ion generated by electron bombardment of

metal cage).

35.6 35+} = 1t (surface ion generated by electron bombardment of
37.6 37+ metal cage).

Based on the above discussion it will be assumed (for the following analysis)
that the lons represented by these nonintegral peaks exist in negligible amounts
in the gas phase.

Figure 14 presents an analysis of the gases present in a getter-ion
pumped vacuum system. The system used for these studies 1s shown in Fig. 12.
Mass spectrums were obtained following three different treatments of the system:
(I) a pump down to 1.6 x 10~8 Torr without a bake; (II) a bake of the entire
system at 220°C (the electron multiplier was baked at 425°C to activate the
dynodes with cesium); and (III) a bake of the ion-pump at 455°C, while the re-
mainder of the system was at room temperature. The three sets of data were
normalized with respect to Ho and plotted together in Fig. 14. Mass spectra
following conditions I, II, and III are identified by three symbols, respec-
tively: . (dot); o (circle); and A (triangle).

The ratios between the Ho sensitivities for each set of data were
calculated and used to compile Table II.

* The numbers reported in this column are peculiar to our analyzer and do not
necessarily correspond exactly with Lichtman's values.
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Most of the lines on the spectrum (Fig. 14) can be accounted for by
the first 10 gases listed in Table II. However, the group of lines between
m/e = 23.2 and 27.2 are not as easily identifiable. These are probably due to
some hydrocarbon such as CoHg which may have metastable ions in the 10-8 to 10~
Torr pressure range. These metastable ions could account for the nonintegral
Peaks in this region of the spectrum.

9

A particularly large increase of (surface) F* and C1l* ions was noted
following the 455°C bake of the ion pump. It is interesting to note that HC1L
and HF acids are used in the commercial cleaning process for these pumps. It
is not unlikely that trace amounts of these agents remained in the pump after
the cleaning procedure and were liberated by the high temperature (455°C) bake
of the ion pump.

Figure 15 shows the mass spectrum above a chemically-trapped oil dif-
fusion pump. The two sets of data points represent the operation of the
chemical trap at room temperature (-) and at liquid nitrogen temperature (o).

The residual gases in the system during this study were CHy, Hp0, He,
Hp, Li, COp, CO, NO, and Op. Also, there is a group of hydrocarbon peaks at
n/e = 24, 25, 26, and 27. The amounts of these residual gases do not appear to
be affected greatly by the chemical trap temperature. However, note the absence
of peaks 78, 50, 51, 52 and 39 when the trap is at LNo temperature. These peaks
coincide with the most intense parts of the benzene cracking pattern. The ben~
zene pattern is characteristic of the DC-705 pumping fluid.iﬁ/ This result in-
dicates that at room temperature a chemical trap is not sufficient for reducing
;ackitreaming, if a vacuum system 1s to operate at a very low pressure (<lO"ll
orr ).
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III. A PHYSICAL ADSORPTION ISOTHERM FCR INERT GASES

The conventional Brunauer-Emmett-Teller (BET)lé/ adsorption isotherm
is based on the physical adsorption of inert (negligible intermolecular inter-
actions ) gases by a solid. This isotherm, although based on a physically un-
realistic model, met with such general success that a new calculation based on
an improved mode118 (see Fig. 16, p.32) has been developed which retains much
of the simplicity of the BET adsorption isotherm. To facilitate understanding,
the model will be developed in two independent steps. In subsection A, the
adsorption isotherm for a triangular site model is derived assuming the ener-
gies of adsorption to be known. In subsection B, equations for the energies
of adsorption are derived. The isotherm equations are solved, and discussed
i{n C. Subsection D contains numerical predictions for some useful adsorption
systems.

A. Derivation of the Triangulaer Site Adsorption Isotherm

The derivation given here is based on the discipline of statistical
mechanics. Let X, be the number of adsorbed particles in the r-th layer.

M

Then the total number of adsorbed particles, A , is given by A = zi Xp s
- =1

and 0 <Xy <Xy, <...% X, <X, =B, where B is the total number of
adsorption sites on the surface of the adsorbent and M is the number of
layers containing adsorbed particles, i.e., X, =0 for all r >M . The
number of ways in which A particles can be picked out of the total number of
particles, N , leaving Ng particles in the parent gas is given by

N! (
1)
N_!Al
g

where N = Ng +A . Of the A adsorbed particles, X; have to be assigned to
the first layer, Xo to the second layer, etc.; this can be done

A!
2
Xy Xpte s Xy )

different ways. The number of ways X; particles can be assigned to B
sites is
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B.

end, in general, the number of ways X, particles can be assigned to S,
sites on top of the X,_.; particles is given by

5!

zg;:i;jT , 54 =3B . (3)

1

Finally, the number of ways Ng particles can be assigned to the energy states
in the parent gas with a specified distribution-in-energy {ngj} is the
Boltzmann count:

gJ
Nt T2 , (4)
3 el
vhere n.: is the number of gas particles in the j-th energy level of the gas

and w,., 1is the degeneracy weight of the j-th energy level. The total number
of ways, C , that N particles can be assigned to the over-all system is then
given by the product of all the numbers in Egs. (1-4), divided by N! to
account for the indistinguishability of the particles:

n._ .

o &
S 185!, . .5y ﬂ ﬁ—n .
C J__8&J X (5)

leng...XMJ(Sl-Xl)l(SQ'xg)!-'-(SM‘Xm)I

In the BET theory the sites are given by

but this is physically unrealistic since it assumes that a particle is equally
likely to be adsorbed at a point of neutral equilibrium (sitting on top of
only one particle in the next lower layer) as to be adsorbed at a true equi-
librium point. To avoid this difficulty assume that an adsorbed particle must
be attached to three particles in the next lower layer (see Fig. 16). This
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presumes the triangular site model to be one of true equilibrium, i.e., that
intermolecular interactions do exist and are not negligible. We will require,
however, that the intermolecular interactions be no stronger than the Lennard-
Jones 4-5 potential. This is our definition of "physical adsorption". Fur-
ther assuming that the particles are adsorbed randomly in location and are not
mobile, i.e., lateral intermolecular interactions are neglected, the probabil-
ity of site 1 (see Fig.16) being occupied is

Xr-l
B

vhereas the probabilities of sites 2 and 3 being occupied are, respectively,
given by

r-17% Xp.1@
B

Based on this model the number of sites, S, , available for an adsorbed
particle in the r-th layer is given by the product of the probability of three
adjacent sites in the (r-1)-th layer being occupied simultaneously and the
total number of possible sites, B:

Sy = Xr-l@r-l B %><9r-l B %) ’
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X
where er = 2T is the decimal percentage occupancy of the r-th layer. Nor-

mally B is very large (on the order of lOlS) and hence 5, can be simply
expressed as

_ 2
Sp = Xpo1%r-1 (6)

to an excellent approximation. Hcwever, now Sy need not be an integer and
the factorials in Eq. (5) are not defined. To circumvent this difficulty, the
generalized factorial, the gamma function, will be used. Letting

Eq. (5) becomes

M J
T{L r(x,_,02,71) T1 wgg
r:

j el (7)

M M
TT IKXr+l) TT I"(Xr-le:?r—l"Xrﬂ')
r=1 r=1

C =

The statistical problem is to find the numbers Xy and B 5 that
give a maximum value to 1n C, under the restrictions implied by a given total
number of particles, N , and a given total energy, E , of the system. In other
words, the entropy of the system is maximized. The restrictions on the system
are given by

[=<]

M
Ng+A=anj+ZXr ,

N =
5=1 r=1
(8)
[ . M
E = Z_: nsees - Z X M ,
j=1 r=1

where ¢ 3 is the energy of the j-th energy level in the gas and W, is the
energy o% adsorption for each adsorbed particle in the r-th layer. It is
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commonplace to set all wr , for r > 1, equal to the energy of evaporation
from the liquid phase. However, the energies of adsorption will be investi-
gated in the next section and for the present we simply assume them to te
known quantities. Since N and E are comstant and 1n C is a maximum,

their variations must vanish:

a(ln C a(1n C
an c) = 5 ax, A Ce) 5 og ARG,
r=1 K e dngy
M o
aN = Y oax, + 2 dng, =0 (9)
r= J':

where C = CaC s Ca being that part of the product pertaining only to the
that part pertaining only to the gas particles.

adsorbed particles and C
Using the lagrangian multipliers o , B ,the following equation is obtained:

M ©
d

ST d1n Cq ~otBW, ) AX. F a8 C e . Yan =0

- ax s dn . gJ €

r=1 J=l gJ

In this expression independent variations of dX,. and dngj can be made.

Consequently, the equation can only be satisfied if each expression enclosed
by parenthesis is equal to zero, i.e.,

L g, =q -, (10)
r

"'Llnc=a+ﬁe. . (ll)

an, g g

Equation (11) is the classical equation of an ideal gas treated
separately irom the adsorbed layers and, assuming n_. very large, leads to
the identification of ¢ and B in terms of the chemical potential, , ,

and the absolute temperature, T , of the gas phase:Lx’
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a=-2L,p= (12)

L
-=
kT

where k 1is the Boltzmann's constant. The ideal gas equation also follows:

pv = Nng (13)
i
3/ B
Ny = v<:?'kaj> / kT (14)
2
b

where V is the volume, p is the pressure, m 1is the mass of a gas particle,
and h is Planck's constant. These results are derived from the classical
distribution-in-energy which is valid whenk?/

1n V_.<____.2"mkl‘ 5/2 >3 (18)
Ny \ n2

If this validity equation is not satisfied, Bose-Einstein or Fermi-Dirac
statistics must be used.

It is now convenient to define a new parameter, Yy , such that

ptW,.
KT

and to evaluate this new parameter in terms of physically measurable parameters.
From Eqs. (13) and (14 ) we obtain

: W
T
o (2 )? et R E (a7)
he P
Equation (10) can now be written as
d In C
8
- % -§1In . 18
6, 'r (18)
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This is the basic equation to solve in deriving the adsorption isotherm.
Differentiating Eq. (7) we obtain

a - a 3 3
™ In C, = T [ln I(Bep+1l)-1n I'(BO,+1)-1n F(Ber_l—Ber+l)
r

- 1n r(Bei-Ber+l+1)] : (19)

All arguments of the gamma functions are certainly very, very large with the
only two exceptions occurring at r =1 and r =M. At r =i, BO may be
small, and at r =1, B8} or B(1-6;) may be small. Since it is convenient
to use the Stirling's approximation for the gamma functions of large arguments,
these two cases will be excluded by requiring that X, >>1, B > X_-L , 1.e.,
the following equations will not be valid for, say, the first 100 atoms to be
added to the top layer and the last 100 atoms to be added to the bottom layer.
However, we are nominally concerned with orders of magnitude of 1015 and, hence,
these restrictions are relatively minor. Using Stirling's approximation in

Eq. (19) we obtain

6> 6o
4 mc, =B 39§ In — X+ 1:1<_£:l - i) s (20)
dse 63-9 Op
r r Jr+l
and
2
S 3 36r
Gr-l er er
Yy = . (21)
e 93 0
r ™Y+l

The last equation, together with Eq. (17), completely defines the triangular
site physical adsorption isotherm.

B. Derivation of the Enexrgies of Adsorption

The energy of adsorption, W, , is defined as the difference between
the energy of a free particle at rest and the energy of an adsorbed particle
in the r-th layer. . We assume here that the energy of adsorption, W,. , of the
r-th layer is the same value throughout the layer and is always positive. As
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stated in the last section, it is commonplace to set all W, , for r >1
equal to the energy of evaporation from the liquid phase, Wz , and to set Wl
equal to an experimentally determined energy of adsorption at low coverages.
However, this cannot be justified since W; 1is usually at least a hundred
times greater than W, and, hence, this assumption literally prevents any ad-
sorbed particles from entering the second layer. The assumption is particu-
larly bad when one notices that, from Eq. (17), the occupancy of upper layers
is exponentially dependent on the energy of adsorption, i.e., a small differ-
ence in the energy of adsorption makes a large difference in the coverage.
This subsection gives & detailed alternative based on a systematic evaluation
of the intermolecular potentials.

Assume that the intermolecular potential between the adsorbed mole-
cules,  , can be closely approximated by the Lennard-Jones (n-m) potential:

o(p) = 4e [(%)m - (%)n} , m>n,% (22)

where p 1is the distance between the molecules, o 1is the distance of closest
approach of two molecules which collide with zero initial relative kinetic
energy, and ¢ is the maximum energy of attraction of the two molecules.lQ/
The Lennard-Jones (6-12) potential is shown in Fig. 17. When the force con-
stants, ¢ and ¢ , are unknown, they can be estimated in many ways, e.g.,
from the boiling point, melting point, Boyle temperature, second virial co-
efficient, etc.18 Letting R be the equilibrium distance between the ad-
sorbed molecules, it is necessary that

() - g

& |p=R

1
R=(2) o . (23)

* The exponent m should not be confused with the mass m .” A double meaning
is tolerated here since the context always unambiguously clarifies which
meaning is to be used.
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o(p)

Fig. 17 - Lennard-Jones Intermolecular Potential

Similarly, the intermolecular potential between the adsorbed molecule
and an adsorbent molecule, ¢y , can be approximated as

K g b
@I=4e1[(§l) -(-F-Jl)] , k>4 . (24)

When the interaction force constants,op , ey , between the surface and adsorbed
molecules are unknown, they can be estimated from the empirical rules of com-
bination:

€I = 4’6 €g

otog

6 G~ (25)

where the force constants with the s subscript pertain to the surface mole-
cules and those without subscripts pertain to the adsorbed molecules.

- 38 -




The term "physical adsorption” can now be explicitly defined as that
adsorption for which

k>£L£>3,m>n>3 .

In other words, attractive forces arising from charges and permanent dipoles
are excluded from consideration.¥

Using the above intermolecular potentials, the part, W, , of the W;
energy of adsorption due to the solid adsorbent is given by

Wg = - NOJC/JP op(p )av (26)
v

where V denotes the entire volume of the solid adsorbent and N, is the
density per 23 of the adsorbent molecules. The integration in Eq. (26) is an
approximation to the actual atom-by-atom summation needed to evaluate Wg and
implies that the intermolecular potentials are additive. This latter assump-
tion is probably more serious than any made thus far but 1s necessary for any
simple and usable theory.

Considering the surface to be an infinite plaene located a distance
D below the centers of the adsorbed molecules in the first layer (see Fig. 18,
p.41), the integrations in Eq. (26) can be performed with the result that

(27)

o of }

W, = &Ml -
® o°1 [(z-e)(z-s)DZ'S (k-2 ) (k-3 DX~

* Actually, the development presented here is valid for all n >2 and the
case £ =3 can be included in this theory by a simple extension. How-
ever, at this time the extra effort involved does not appear to be
justifiable. -
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The meximum value of Wg will, of course, occur at the equilibrium value of
D, i.e.,

g

Therefore,

L
D= (ﬁ-}g)k—z or - (28)

Defining a new constant Ckz such that

A
_ k-4 k-4
‘e =(3%) TS (29)

Eq. (27) can be simply written as

Wy = 8nCy N.Doer - (30)

Consider now the energy of adsorption for a molecule adsorbed in the
first layer. This molecule interacts with the entire solid adsorbent, all of
the other molecules adsorbed in the first layer, the molecules adsorbed in the
second layer, and all remaining adsorbed molecules. Labeling the energy con-
tributions from these interactions by Vg, wll’ W12 , and le(S <j<M),
respectively, we can write W; as

M

Wy = Wg + Wpq + VW + 23 Wy . (31)
J:

The average value of the Wj; term is approximately given by
summing over the six nearest neighbors and integrating over the remaining
plane of the first layer. The latter integration is performed from an arbi-
trary distance w from the center of the adsorbed molecule under considera-
tion (see Fig. 18). However, since only 0; of the first layer is occupied,
this factor must appear in the summation and integration. Letting
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n-2

z(w) = 8neoox-12|t_;— (%)n - ﬁz(%)m:‘ s (32)

where o, 1s the number of adsorbed molecules per Re in the first complete
monolayer and 1s given by

o, = 1.1547 R (33)

the wll term can be written as

Wy, = 0 [z(w)-60(R )] (3¢)

~_L
e . —

h T

AN ’ 4

o N .

\\‘ S / \\‘7 N N A
S

Fig. 18 - Adsorption Geometry

The w12 term is evaluated in a similar manner by summing over
nearest neighbors and integrating over the remainder of the second layer. The

result is

* The negative sign appears because @(R) 1is negative.
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e = 9 [2(8)-30(R") ] , (35)

where R' 1s the distance between the centers of the nearest neighbors in the
second layer and the adsorbed molecule in the first layer, and § dis a new

arbiltrary parameter which is the smallest value of p used in the integration.
The physical interpretation of R' and § is shown schematically in Fig. 18.

The evaluation of Wj;z forces us to choose one of three routes. The
third layer may be laid down in two possible ways. If the molecules in the
third layer lie above the molecules in the first layer, the crystalline struc-
ture called hexagonal close-packed (hcp) results. Otherwise, the face-centered
cubic (fcc) crystalline structure is obtained. It is a well known fact of
solid state physics that there is virtually no difference in energies between
these two crystalline structures. Therefore, we choose the third route - that
of ignoring the crystalline structure by representing the third layer as an
infinite plane and integrating over it. 1In performing the integration, how-
ever, the distance between the first and third layers must be known. As shown
in Fig. 18, this distance is denoted by az and, in general, the distance
between the j-th layer and the first layer is dencted by ajy - These dis-
tances are easily evaluated by assuming all adjacent layers to be the same
distance, a , from each other. Hence,

(3-1)a , (36)

W]
i}

and

]

Wiz = 0z2(az) . (37)

The remaining M-3 interaction energies are handled in the same manner.

Collecting the above results together, the energy of adsorption for
a molecule in the first layer is given by

M
Wy =W+ 0p[z(w)-6p(R) | + 6pfz(8)-30(R")] + Zeszlay) . (38)
3=3
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The evaluation of the energy of adsorption for a molecule in the r-th
layer can now be determined. The energy of interaction with the surface, wrs s
can be calculated exactly as W; was calculated by replacing D by Dta,. .
The result is

W
"Jrs = S [ k':’) - f;-f) ] , (39)
k-L (l+dr )2-3 (l’*’dr )k-—.'.’)

wvhere

Y

d, = L . (40)

D

Treating the layers below the r-th layer exactly as the layers above the first
layer were treated, and letting

6(r >1) =0 when r =1 |,

1 forall r>1 , (41)

]

the energy of adsorption for the r-th layer can be written as

W, =W, -3 <§(r >1) + er+l>1¢(R') + or[é(W)-6m(R)] +

xr
r-2 M
+ (er_l+er+l)z(6) + Z ejz(ar-aj) + Z ejz(aj-ar) . (4:2)
J=1 j=r+2

where 0. =0 for all j<1 and all j>M . Notice that, for r > 1 , the
second term does not contain 8. _j but a 1 instead. This reflects the fact
that, in the triangular site model, each adsorbed molecule must have three
molecules immediately below it.

With tongue in cheek one can now be so bold as to ask what happens
as r approaches infinity? The energy of adsorption as given by Eq. (42)
should approach a value fairly close to the energy of evaporation, Wz , of the
adsorbate from its liquid state, i.e., W, ~ W, . Assuming that evaporation
takes place from the top layer and that
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O0p-1 = 8,=>0, 85 = 1 for &ll j cr-2 |,

the first and last term of Eq. (42) of course vanish and the next to last term
becomes a difference, {§ , of two simple power series with definite, and well
tabulated, limits. Thus

Wy = =3p(R"') + ¢ . (43)

Due caution must be exercised, however, when this equation is used since the
model on which it is based must break down as r becomes very large.

Although the values of w and § are arbitrary, it is nonetheless
desirable to ascertain their values in a systematic manner. The most logical
method of determining the value of w 1is to require the integration result
(for 6, =1) at W to equal the correct result obtained by actually summing
over the six next nearest neighbors lying within the r-th layer and lying at a
distance of V3 R from the adsorbed molecule under consideration,l9 i.e.,

z(w) = -6p(\3R) . (44)

For most cases of interest the terms which are a function of m are much
smaller than the terms which depend on n and, hence, can be dropped with
little error. With this approximation w can be determined as

1

)
W {Ti] N3 R . (45)

Using a comparable argument for & , we obtain

1

e (axrse |2
T 4R=+38 A~ o~
5 =[ %o :I \j% Re+a® . (46)

9(n-2)

These equations conclude the evaluation of the energy of adsorption.
However, Eq. (42) is clearly a function of X, and we must therefore re-
examine the derivation of the adsorption isotherm of the last section in
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more detail. In fact, the differentiation of the last expression of Eq.
does not give Eq. (9) but, on the contrary, gives

oo M M M g
GE = 3 ngjdegy - p_ Wpdkp = 2 0p 2 5. &
J=1 r=1 r=l =1 °°J

The last term can be rearranged to yield

Mo, M gy,
S(S em)m®

j:l r=1 J

and the term in parenthesis can be evaluated as

PR R R A (CED R R EVECS

© M

aE = 3 ngjdegy = 2 [gwr"wrs+3 (5 (r > 1)*0p41-0,.1 ) p(R' )]dxr ,
3= r=1

and Yy is now given by

- o3/205/2 ) ewr-wrs+3(5 (r > l)+8r+l-er_l>(p(R')
Yr = exp
P KT
where
K = (eme)*/2 K
13

This is the only change in the adsorption isotherm as given by Eq. (21).
-
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C. Solﬁtion and Discussion of the Adsorption Isotherm

The triangular site adsorption isotherm equations, as derived in the
two previous subsections, cannot be solved exactly but must be solved itera-
tively. The iterative solution, which is called the exact theory, is summar-
jzed below where the superscript 1 is used to denote i-th iteration. The
starting values for the iteration can be obtained from intelligent guesses or
from the approximate theory which is also summarized below. The approximate
theory can be solved exactly and is obtained by assuming that X, << 5., .

1. Exact theory:

W) v - 3[§(r > 1)+e§1il)J¢(R') + eﬁi’l)[;(w)-6¢(R)] +

r-2 M
+[§£Ez+eéiil)]z(6)+zz:e§1)z(ar-aj)+ 2{: egi-l)z(aj-ar) , (53)
J=1 J=r+2
- (1) - La(1-1)_ (1) l
Y1(~i) x m3/2T5/¢ exp 4 - oW, M +3 [6( >k;) ho Or_l]cp(R ) , (54)

30{1 2

(1)3.6(1) (1)3 N
=l:er-£ eI‘ ] l: er ] . (55)

D] [

The last equation is solved for eﬁi) by any standard iteration method.

o, Approximate theory (i=0):

r-2
W =g - 36(r > L)p(R') + 0,32(8) + > 8jz(ap-az) (56)
Jj=1
v. = K n/2r5/2 exp { - By g t3[ 865 > 1)y ol (57)
r yo) kT ’
o3
8y = 1 o, = Il (r>1) . (58)

1+ty; ) vy
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The approximate theory, which should be valid for monomolecular ad-
sorption, has many interesting properties. For example, when

p <<km3/205/2
iaS
P kT

T w5/l (59)

In other words, for low monomolecular coverage, the per cent coverage is di-
rectly proportional to the pressure. This linear dependence has been verified
for Kr, A, and Ne on P33 carbon black.gg/ In the range where Eq. (59) is in-
valid but only monomolecular adsorption is occurring, Eqs. (58) reduce to the
conventional Langmiur adsorption isotherm for a single adsorbed layer. It is
known that this particular adsorption isotherm fits many adsorption systems
quite well. For the case where there are two adsorbed layers with Xp < Sp,

(58) reduce to a superposition of two Langmiur adsorption isotherms - one
for each layer. This superposition has been observed by Meyergi/ for helium on
glass at 4.21°K. For three or more adsorbed layers, Egs. (58) give a super-
position of Langmiur type isotherms for each layer. However, for more than two
adsorbed layers, the approximate theory appears to break down (see subsection
D).

The exact theory is based on a solid state approach to the adsorbed
layers and must beccme invalid for large r when the temperature is above
the melting temperature of the adsorbate or if the resultant crystalline struc-
ture is neither face-centered cubic nor hexagonal close-packed. However, ap-
proximately 50 per cent of known materials crystallize in one of these two
structures. Evidence22/ has been presented that helium actually does adsorb
onto titanium dioxide as if it were in the solid state. This is logical since
the added interaction energy due to the presence of the adsorbent is enough to
place the adsorbed molecules in a potential field on the same order of magni-
tude as that present in the solid of the adsorbate. It is interesting to note
that as r approaches 108, the exact theory should still be mathematically
valid, and actually predict the properties of films several centimeters thick.
The exact theory also predicts distinct steps in the adsorption isotherm as
each layer is condensed (see subsection D). These distinct steps have not yet
been satisfactorily verified by experiments and should be validated before the
exact theory is applied to actual systems.
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D. Numerical Resulis

The exact and approximate theories have been programmed for execution
on an IBM 1620 Data Processing System. It is evident from the previous equa-
tions that this is the most logical method for obtaining numerical results.
Assuming the ideal hexagonal close-packed structure (R' = R) numerical results
have been obtained for He and Ne on porous glass at 8.00°K, Ne on P33 carbon
black at 8.00°K, and He on porous glass at 4.28°K.

Halseygé/ has measured the values of D and Wg for six different
adsorbates on porous glass and eight adsorbates on P33 carbon black. Using his
values and the Lennard-Jones (6-12) force constants, ¢ , e¢ , as given in
Hirschfelder,}g? many of the various adsorption parameters can be obtained.
Table III ¥ lists the more interesting parameters for six adsorbates on porous
glass. The values of ws/k are quite high and demonstrate that adsorption
is an important phenomenon - even for the inert gases. The values of wﬁ/k
as calculated frem Eq. (43) agree very poorly with the measured values of
W,/k . This was to be expected.

Using the parameters listed in Table IITand a value of 0.022 for Ng,
the approximate and exact theories were used to calculate the triangular site
adsorption isotherm for He on porous glass at temperatures of 4.28° and 8.00°K.
The results are plotted in Fig. 19 where "monolayer coverage" is defined as
the ratio of the total number of adsorbed molecules and the number of sites
present on the adsorbent, i.e., A/B . The approximate theory appears to be
fairly good for A/B < 3 but fails badly for higher pressures. However, the
most striking features of Fig. 19 are the very abrupt steps exhibited by the
exact theory. These abrupt steps are even more striking when one examines the
numerical data for 4.28°K. At a pressure of 1.966 x 10796 atm., the first
layer is only 3.34 per cent covered, whereas at a pressure of 1.967 x 10796
atm., the first layer has a coverage of 99.95 per cent with no atoms in the
second layer! This apparent condensation can be explained in the following
manner. When a layer is filled to a certain threshold value, a very small rise
in pressure will increase the coverage by a few tenths of a per cent. (This
result is not new and is common to most adsorption isotherms.) However, from
Eq. (42) it is seen that an increase of this magnitude significantly increases
the adsorption energy which exponentially increases the coverage in that layer,
which in turn increases the adsorption energy, etc. The result is a two di-
mensional condensation of each layer. This physically justifiable condensation
will not occur in adsorption isotherms which neglect the intralayer intermolec-
ular potentials.

% Due to a programming error the value of & 1listed in the table is too
large and should actually be slightly smaller than w . However, this
error should not significantly alter any of the results herein.
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Monolayer Coverage
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Fig. 19 - Triangular Site Adsorption Isotherms
for Helium on Porous Glass
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The "effective" adsorption energy, E. , is defined as

E, = 2W. - Vg + 3[6(1« > 1)+ B4y - er_l];o(R’) - (80)

The effective adsorption energies for the first four layers of the above
adsorption system at 4.28°K are plotted in Fig. 20. Again, the two-dimensional
condensation of the adsorbate is seen to occur for one layer at a time. This
condensation is undeniably present in the exact theory and provides an excel-
lent criterion for the validity of the theory. However, caution must be exer-
cised when attempting to experimentally detect these condensations since, at
the higher pressures, the condensations may occur so frequently that the ad-
sorption isotherm may appear to have a gradual slope.

To investigate the effect of the adsorbent, adsorption isotherms
were calculated for neon on porous glass and on P33 carbon black at a tempera-
ture of 8.00°K. The isotherms are plotted in Fig. 21. It is evident that the
P33 carbon black is the better adsorber. This may at first seem surprising
since, according to Halsey,gé/ the heat of vaporization of the first layer, at
very low coverages, is higher on porous glass than on P33 carbon black. This
is easily explained by looking at Fig. 22. Although the value of Wy for
neon on porous glass is higher than the value of Wg for neon on P35 carbon
black, the first layer on glass is closer to the surface than the first layer
on P33. The result, as shown by the curves, is that the surface interaction
energy falls off more rapidly above glass than above P33. The net result is
that P33 carbon black is the better adsorber. Also shown in Fig. 22 are the
curves for hydrogen and helium on porous glass. The result that glass adsorbs
hydrogen more effectively than helium is not surprising.

Of the six adsorbates listed in Table III,helium, hydrogen, and
nitrogen solidify in the hexagonal close-packed structure, whereas argon and
neon solidify in the face-centered cubic structure. The crystal structure for
solid oxygen is not definitely known. Since the computer calculations have
been for the ideal hexagonal close-packed crystal structure, it is of interest
to compare some of the calculated results for helium, hydrogen, and nitrogen
with the results obtained from the true crystal structure of these three ad-
sorbates.gé/ This i1s done in Table IV where p, 1is the density of the liquid
state in grams per cms, and the m and c¢ subscripts refer to measured and
calculated, respectively. The results for nitrogen are in very gocd agreement,
whereas for hydrogen and helium the values of R as taken from HirschfelderiS
appear to be too small. This agrees with Steelegé/ who found that R = 3.7 &
for helium. Moreover, for argon on P33 carbon black, Samsgé/ observed that the
Lennard-Jones (6-12) force constants were changed by about 20 per cent from the
gas-gas values.
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Monolayer Coverage
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Fig. 21 - Triangular Site Adsorption Isotherms for Neon on Porous
Glass and P33 Carbon Black (T = 8.00°K)
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Fig. 22 - Surface Interaction Energy as a Function of Distance From Surfece
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TABLE IV

CCMPARISON BETWEEN CALCUIATED AND MEASURED CRYSTAL STRUCTURES
FCR THREE ADSCRBATES

Ry Re an ac (Pz)m (pi)c

Adsorbate ﬁél (&) ﬁél iél (g/cm3) (g/cm32

He 3.57 2.87 2.91 2.35 0.125 0.398
Hy 3.75 3.29 3.C6 2.69 0.071 0.133
N 4.4 4.15 3.34 3.39 0.830 0.920

The main difficulty in using the triangular site adsorption isotherm
is in obtaining values of D and Wg for the adsorption systems of interest.
This difficulty is not insurmountable, however, since Halseygé/ has already
accomplished this for two adsorbents and eleven adsorbates. The Lennard-Jones
(6-12) force constants are well tabulated for most adsorbatesl§/ and present
no problem. Although, as shown in the previous paragraph, these force con-
stants may not be very accurate, they will undoubtedly suffice for the present.
Provided the theoretical isotherms presented here are experimentally verified,
the practical applications that result will be of significant value. For ex-
ample, consider a hypothetical case where an engineer is designing a glass
cryopanel to operate at a pressure of 10710 atnm. If, at a temperature of 8°K,
a cryopanel with a surface area of 4 me is sufficient to do the particular job,
the curves in Fig. 19 show gquite vividly that a cryopanel with a surface area
of 1 m® but operating at a temperature of 4.28°K would do a comparable job. In
other words, by decreasing the temperature by one-half, the required surface
area is decreased by one-fourth. The choice between these two possibilities
could then be based on econcmics. Another example of more scientific value is
to use the triangular site adsorption isotherm to investigate intermolecular
potentials, i.e., to determine k, £, m, and n as molecules are more
closely packed when passing from the gas to the adsorbed state and from the
adsorbed to the solid state.
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IV. DEVELOPMENT OF A TOTAL-PRESSURE GAUGE FOR
READINGS BELOW 10-12 TORR

Cold cathode magnetron gauges of a commercilal type (NRC type 552
Redhead gauges) were chosen for this study. It was first noted that the ex-
treme high vacuum system used for these experiments was capable of driving the
magnetron gauges to cutoff, i.e., the low pressure at which a discharge can no
longer be sustained. At this point it could be said that the tube has "fallen
out of strike." The same tendency to cutoff may account for the break from a
linear response at low pressures. The following sections describe the charac-
teristics of the gauge and improvements affected by a cesiation treatment.

A. Discussion

A major source of electrons in the magnetron gauge is from gas mole-
cule ionizations. The field emission current was deliberately made low to avoid
the fixed background current which plagued the earlier Penning gauges. A dis-
advantage of the low field emission current is the reduced ability of the tube
to strike at low pressures (striking time may be 10 or 15 min.).

An approach to both the striking and cutoff problems would be the
addition of a pressure dependent source of electrons. It seemed feasible to
obtain such a source of electrons from the cathode by lowering its work func-
tion so that impinging ions would cause electron emission. The additional
electrons would be drawn through the recording ampmeter in the cathode circuit,
thus raising the sensitivity of the gauge. In addition, the added electrons
would help sustain the discharge.

Cesium metal could be deposited on the cathode of a magnetron tube to
affect the desired reduction of work function and enhanced electron emission.
However, it was feared that a cesium coating could cause a fixed photo-electron
current background or permit heavy field emission to the anode. (The purpose
of the intermediate auxiliary cathode is to prevent such field emission from
the main cathode to the anode.) Field emission current would not be pressure
dependent and could place a fixed lower limit on the gauge readings similar to
the x-ray background effect.

Following a number of experimental treatments with cesium metal, it
was determined that an undesirable fixed current, equivalent to a 2 x 10-10
Torr reading was produced by an excessive treatment with cesium. However, a
normal or light treatment does not cause this detrimental effect and does pro-
duce advantageous results such as instantaneous striking and increased sensitiv-
ity (see subsection C below).
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B. Experimental Technique

An extreme high vacuum system, which was specially designed to main-
tain an equilibrium flow rate of a known gas, was used for these experiments.
The two magnetron gauges were separated by a known conductance so that a pres-
sure ratio was established between them. A regulated flow of a suitable gas
was introduced into the system so that the operating pressure could be varied.

Helium gas was chosen for these experiments for two reasons: (1)
Pure helium gas with just 10 parts per million impurity may be obtained and ad-
mitted to a vacuum system through a vycor glass diffuser; and (2) helium will
not be significantly adsorbed by the liguid nitrogen cold traps. Thus, the
flow of pure helium was used to pcoduce a reliable pressure differential be-
tween the two gauges. A wide range of pressure was covered from 10-6 Torr
through 1013 Torr and below (until the detection of ion current became unre-
liable) by varying the flow rate of helium through the diffuser.

Continuous plots of the two gauge outputs were recorded with a dual
channel chart recorder. The plots show: the original gauge response; the
point of break; and the new response curve. The pressure ratio between two
gauges permitted a direct comparison of readings from the gauge above the
break point (7 x 10-10 morr for helium) to the gauge below the break. When
the higher pressure gauge was at its break, the lower pressure gauge was indi-
cating 6.5 x 10-11 Torr. Therefore, the ratio of readings was sufficiently
large so that the higher pressure gauge readings remained in the linear response
range while the lower pressure gauge readings dropped below the break. The ar-
rangement of pressure ratios (between S5 and 100) was carefully chosen to insure
reliable gauge comparisons.

Cesiation was accomplished by introducing cesium nitrate near the
envelope of one gauge, then selectively baking that region of the vacuum sys-
tem to 425°C under vacuum. (Cesium nitrate decomposes above 414°C.) A liquid
nitrogen cold trap was meintained between the two gauges to limit the cesiation
to one gauge only. A new sensitivity and response curve was then plotted for
the cesiated gauge by direct comparison to the noncesiated gauge.

A cesiation treatment may be easily applied to a magnetron gauge oy
simply introducing a few grains of cesium nitrate into the system, then per-
forming a normal vacuum bake-out to 425°C. In the results section below, the
advantages and disadvantages of such a treatment are given.
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C. Results

Figure 23 presents the typical results of a number of gauge compari-
son experiments. Curve 1 is a plot of the linear response'of a Redhead cold
cathode magnetron gauge (No. 1) operating above the break point. Curve 2 is a
plot of the simultaneous response of a second Redhzad gauge (No. 2) operating
continuously at a pressure of one order of magnitude lower. This constant pres-
sure differential is verified by the simultaneous readings of both gauges from
10-6 Torr down to 7 x 10-10 Torr (indicated for helium). The second gauge read-
ings then break below the original curve and establish a new response Curve 3.

Curve 4 is a plot of the response from Gauge No. 2 after a "moderate’
cesiation treatment. Gauge No. 1 has not been cesiated and the response still
follows Curve No. 1. The actual pressure differential between the gauges is
still an order of magnitude, but the sensitivity of Gauge No. 2 has apparently
increased by a factor of two so that a continuous ratio of five to one is re-
corded from 10-6 Torr down to the same indicated break point. (However, the
correction for sensitivity rise places the new break at one-half the pressure
value of the previous break point.) The ion current-to-pressure response of
this cesiated gauge then deviates from linearity and follows Curve 5 with a
slope of 1.43. Corrections for the nonlinear response below 7 x 10-10 Torr
(indicated) may be made by comparing vertical points on Curves 4 and 5.

The rise in sensitivity and corresponding lowering of the break were
both anticipated benefits to be derived from a cesium treatment of the cathode.
That is, the cesiation apparently did provide a beneficial source of electrons
to sustain the magnetron discharge. These results are more indicative of the
basic problem than they are useful since they vary with the degree of cesiation.
One definite benefit of cesiation was the gbility of the tubes to strike in-
stantaneously even at pressures which produced ion currents of just 10-14 anmp .
The gauges retained this ability to strike instantly even after the sensitivity

gain had been depleted.

The degree of sensitivity rise was found to depend upon the amount of
cesiation treatment. A heavy treatment could raise the ion current response to
37 amp Torr (nearly an order of magnitude higher) but a fixed background cur-
rent of 1.1 x 10~9 amp was produced. Therefore, a pressure limit of 2 x 10-10
Torr was imposed on the gauge even though the comparison gauge showed the pres-
sure to be in the 10-13 Torr range. This background current did not exist in
a light or "moderately" cesiated gauge. A heavily treated gauge could be re-
duced to the "moderate" level by merely rebaking the system.

- 58 -




10°°

10°°
~~
~
&~
e}
o
S
g
0
/)]
(O]
=~
0

lo‘lo

107"

LB BRI

1 llIll'
\

CURVE |

PRESSURES FROM LINEAR PLOT

=== |NDICATED PRESSURES

A ] I [ 1 1 Il A ] 1

Time Base (arbitrary units)

Fig. 23 - A Composite Graph of the Original Indicated Pressures for Helium,

From a Number of Redhead Gauge Comparison Tests (see p. 58). The
response of Gauge 1 (Curve 1) is taken as linear and used for com-
parison to draw Curves 2 and 4 from indicated pressure ratlos. Gauge
2 follows Curve 2 for values above 7 X 10-10 Torr (3 x 10-9 amp), but
breaks from linearity below that point and establishes Curve 3. The
gauge response was raised to Curve 4 by cesiation (although the actual
pressure ratio remained constant) readings again followed linearity to
3 x 1079 amp before the break to Curve 5. Correction for the in-
creased sensitivity shows that the break point was lowered by cesia-
tion to 3.5 x 10-10 Torr.
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These results (p. 58) indicate that a magnetron gauge operation may be
extended below 10-13 Torr. Additional observations and conclusions could be
drawn from the data plots, but it is obvious that gauge comparisons and "cali-
brations'" performed at these extremely low pressures will remain at best ques-
tionable until an absclute pressure standard is applied.
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V. INVESTIGATION OF THE ADHESION OF METALS EXPOSED
TO VACUUM AND THERMAL OUIGASSING

AL
(~Cold welding experiments were performed with metal les commonly
used in space vehicle construction: stainless steel ( = 30 “1/2 HD), aluminum

alloy (X 2020-T6), and titanium alloy (6 per cent aluminum and 4 per cent va-
nadium). “ &l -V T,

o

The tests were arranged to duplicate the conditions to which these
materials may be exposed in use: (1) combined thermal and vacuum degassing,
or (2) vacuum exposure without thermal treatment (to simulate the case of metal
parts shot directly into orbit). The latter condition was more difficult to
simulate since the attainment of an wltra-high vacuum usually requires some
bake-out procedure. A vacuum of 3 x 10-10 Torr, the equivalent of a 350 mile
earth altitude, was attained without exposing the samples to bake-out; these
tests were extended to 1,000 hr. duration. In another experiment, a pressure
of 10-8 Torr (just within the URV range) was maintained during thermal degassing
at 350°C for 100 hr. duration. Chemical cleaning, thermal outgassing, and long
term vacuum exposure were applied separately and in sequence to sample pairs
with original surface texture and to samples with polished surfaces. The re-
sults of adhesion measurements performed first in air and following each of the
treatments listed above were the same. That is, no increase of adhesion or cold
welding resulted. The subsections A, B, and C below present a discussion of
cold welding research in general, techniques developed here, and results ob-
tained.

A. Discussion of Cold Welding Phenomena |

It is known from the literature that some metals have shown the
phenomena of sintering under elevated temperature. Also,rﬁilk adhesion of
metal surfaces may be observed for some ductile samples uﬁaér deforming loads.
That is, a threshold energy barrier may be overcome by adding thermal enercgy
either directly or by heavy compressive loading. The loading masy serve ancther
necessary purpose toward achieving full bulk adhesion, i.e., plastic deforma-
tion of the surfaces to render a large area of contact. For practical struc-
tural materials, with the normael amount of surface roughness, such loading
above the deformation level appears to be a necessary ingredient for a sig-
nificant "cold welding" effect. However, there have been indications of seizure
reported between moving metal parts with low level loading in a vacuum environ-
ment. In these cases abrasive action may be a necessary ingredient resulting
in removal of oxides and other contaminants and by the promotion of asperity

weldin%;j

Fer
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rEﬂe phenomenon of cohesion of clean atomically smooth surfaces has
been demonstrated for lamellar silicate minera%E;El rﬁIEa crystals were
cleaved along the basal plane in an ultra-high vacuum of 10’13 Torr, then al-
lowed to reheal by a touch contact, without interfacial loading. The molecu-
larly smooth and clean surfaces re-established cohesion to 87 per cent of the
original bulk crystal valugggl/ X%Eis result indicates that clean surfaces with
a large real area of contact may be expected to cohere if the net free energ 8/
TZ} the pair is lowered by the formation of an interface.| The latter condition
has been showngg/ to exist theoretically for mica, as may be readily visualized
from the ionic bonding scheme, i.e., the attractive charge distribution on
cleaved layers of mical9/ assures a reduction of free surface energy as the

layers pull back together.

(E;e results of previous experiments such as the one just mentioned
have contributed some understanding of the cold welding phenomena. Now an
important problem remains to be answered: will ordinary structural materials
with oxide layers and normal surface roughnesses and under the conditions of a
vacuum environment, exhibit cold welding? The negative answer obtained here
(see section C below) seems to be in agreement with the criterion of free
energy changgzgg. Vﬁﬁe metal surfaces with stable oxides would not be expected
to experience a lowering of free surface energy when brought into contact. In
addition, the surface roughness of even the polished samples would prevent
large area contact, so that cold welding was neither expected nor observed for
the metal samples and the simulated conditions of practical use applied in this

study.

B. Equipment and Techniques ,

1. rﬁetal samples for cold welding tests:[ Samples were formed for
adhesion studies from three structural materials:stainless steel (type 301
1/2 HD), sluminum (X-2020-T6) and titanium alloy (6 per cent aluminum and 4
per cent vanadium). The sets of sample pairs were cut from the same large
pletes as used in construction of some space vehicles.

The 1 cm.? surface areas chosen were, of course, free of unusual de-
fects such as abrasion marks. For some samples the original surface texture
was left unaltered while the surface of other samples was mechanically polished.
All samples were chemically cleaned to remove dirt and oils.

T“ i e, s

Sample dimensions are—as,follows: contact faces of 1.0 cm. x 1.0 cm.,
thickness 0.25 cm., reverse side face on one sample of each pair is 1.0 em. X
1.2 cm. The tapered edges of the one sample permit glass clamps to hold that
plece rigid while the other member of the pair is free to moZEJ(see Fig. 24).

Pey
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r;;é glass support members were designed to accommodate thermal expansion of the
metal samples. Two samples of each material listed above were mounted as pairs
with thelr faces exposed for vacuum outgassing. The tube, containing the sam-
ple pairs, may be rotated so that the free samples fall onto the fixed members
with a 1 cm.2 interfagEJ(Fig. 24). (Continued rotation provides a measure of ad-
hesion between the free and fixed samples in terms of the maximum angle of re-
pose. The interfacial surfaces may again be opened for vacuum outgassing by
rotating the tube to its original poSitio%;J

2. fRedhead gauges used as vacuum pumps: Cold cathode magnetron
ionization tubes (NRC Type 552 Redhead gauges) were employed as both pressure
measuring devices and vacuum pump§;) The gauge ionizes gas molecules then ac-
celerates them through a 6,000 v. potential to the cathode. The current flow
gives a measure of pressure while the physical burial of ions in the cathode
provides a pumping action.

r%ie ionization efficiency and effective volume of a Redhead gauge is
high compared to that of a Bayard-Alpert type gauge:; also the accelerating po-
tential is 200 times greater, thus increasing the effective burial of ionié/
Since Bayard-Alpert gauges have been successfully used as pumps with a speed of
0.04 liter/sec it is apparent that Redhead gauges should be at least 25 times
more efficient with a speed of 1 liter/sec (for nitrogen).

fh 6,000-v. power supply was adapted to simultaneously provide the
anode potential for a number of Redhead tubqgj(see Fig. 25). The tubes may be
operated indefinitely with only this voltage source and permanent magnets.
Pressures may be monitored at any time by connecting a control unit (NRC model
752) to each tube alternately. This arrangement provides for inexpensive long-
term tests of the effects of an ultra-high vacuum environment.

3. {aetter-ion pumps used for outgassing and for a movable system:
A UHV system was constructed to process the magnetron tubes prior to seal-off;/
Figure 26 shows two tubes mounted for bake-out. rﬁhe tubes are connected through
glass seal-offs of high conductance. This auxiliary vacuum system is also used
to rigorously outgas component parts, such as the helium permeation chamber,
before attaching to the partial pressure analyzer system.

Another UHV systeELJsimilar to that of Fig. 26,f;;s mounted on a ro-
tation axls for cold welding tests.] The portable nature of the getter-ion pump
was used to advantage by simply removing the heavy magnet and high voltage lead,
then rotating the entire system (see Fig. 27) until the sample pairs fell to-
gether and then reached the maximum angle of repose. A reverse rotation, with
the getter-ion pump passing through a slot in the table, caused the samples to
fall apart for continued vacuum exposure. // / o

SO
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.

Fig. 26 - Auxiliary Vacuum System for Long-Term Degassing and Preparation of
Experiments for the Analyzer System (Fig. 12). Two Magnetron
Tubes Are Mounted for Bakeout Prior to Glass Seal-Off.
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Fig. 27 - A UHV System for Cold Welding Tests in V%hich the Portable Nature
of the Getter-Ion Pump Permits Sample Manipulation (see p.
84) via Gravitational Force. A Machine Bolt Serves as
the Rotation Axis for the System.
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C.,gResults of Cold Welding Tests
s

Cold welding experiments have been performed under various related
conditions of vacuum, time, and temperature. Adhesion tests were performed at
each step of the experiments: before evacuation, after long-term exposure to
ultra-high vacuum, and following bake-out. Each of these measurements showed
that no increase of adhesion occurred between the metal samples as a result of
either thermal degassing or long-term exposure to vacuum environment.

The quentitative results for the aluminum, titanium, and stainless
steel samples with original surface textures were as follows: (1) after
chemical cleaning, the maximum angle of repose measured in air was 28°; (2)
following exposure to a high vacuum of 5 x 10-8 Torr for 500 hr. the angle
of repose still measured 28°; (3) following a 100 hr. bake at 350°C under a
5 x 108 Torr vacuum the angle was again 28°.

Aluminum, titanium, and stainless steel samples with polished faces
gave the following results: (1) the maximum angle of repose between the sam-
ples in air was 21°; (2) during exposure to an ultra-high vacuum of 3 x 10-10
Torr the angle varied randomly between 20 and 23°, but the average remained
approximately the same for exposures of 100, 500 and 1,000 hr; (3) following a
combined thermal-vacuum degassing at 350°C and 10-8 Torr for 100 hr. the maxi-
mum angle of repose still averaged 21° indicating that no change of adhesion

resulted from any of these vacuum treatments.
S
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